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Lunar bytownite from sample 12032,44

H.-R. WexNK and G. L. NOrD

Departmcnt of Geology and Geophysics; University of California at Berkeif:y
) Berkeley, California 94720

: (Receiued 18 February 1971; accepred in revised form 22 February 1971)

Ahstract-—Opucal U-stage measurements. chemical microprobe data, am:l X-ray precession photo-
graphs of a-bytownite twin group from rock 12032,44 are compared. Sharp but weak b and no
c-reflections were observed for this An%9 bytownite indicating a’ partly disordered structure, Euler
angles, used to characterize the orientation of the aptical indicatrix, compare better with values for
plutonic than for volcanic plagioclase. Thls indicates that structural and optical properties cannot
- be directly correlated.

INTRODUCTION

THIS PAPER REPORTS optical,' chemical, and structural data for a group of plagioclase
crystals twinned: after various laws. The group of crystals was a fragment in the
fines of specimen 12032,44 from Oceanus Procellarum. Rock 12032,44 belongs to
Woop’s (1971) group of gabbroic anorthosites or norites which may come from the
lunar highlands. A thin section, prepared from the specimen, which is 2 mm in size
(Fig. 1a), was cut perpendicular to [100] in order to facilitate measurements of twin
lamellae and cleavage. Optical measurements were obtained on a Leitz U-stage for
focations indicated in Fig. 1a. The section was then polished and chemical analyses
were done using an ARL microprobe. Finally, two crystal fragments (X and R in
Fig. la) were picked from the thin section for X-ray analysis on a precession camera
(X) and for determination of the refractive index on a spindle stage (N). All measure-
ments were made on the same group of crystals and are therefore directly comparable. -

CHEMICAL COMPOSITION

As both structure.and optical properties of plagioclase are sensitive to variations
in chemical composition and conditions during the formation of the crystal, it is
essential to have accurate chemical analyses; 77 spot analyses have been done over
the whole group of crystals. Representative results are shown in Fig. 1b and Table 1.
The plagioclase is a bytownite, An 85-90, the rim slightly more ‘'sodic than the center,
Fe is the only other element which we have found to be relatively abundant. It is
assumed to be in the ferrous oxidation state and evidence from Mussbauer spectra
indicates that it occurs both in the tetrahedral and calcium sites (APPLEMAN ef al.,
1971 ; HAENER and VirRGo, 1971). - .

OPTICAL ANALYSIS |

The crystals shown in Fig. 1a form a multiple twin group. They appear undeformed
but the composition planes are slightly curved. U-stage measurements with a Leitz
UM3 20X objective have been done in areas A and B of the specimen (Fig. la).
Indepcndent raw measurements are shown in Figs. lc and d. Thcre i5 some scatter
: 135
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Fig. 1. (a) Photomicrograph of the twin individuals in specimen 12032,44 which have
been used in this analysis. Locations of optical and X-ray measurements are indicated
(Zeiss Ultraphot 111). (b) Map of the crystals, giving chemical composition (An content
in mole %). (c—f) Stercograms showing the orientation of the optical indicatrix and
the construction of the Euler angles in area A (c, e) and B (d, f). Same orientation as
Fig. 1a, upper hemisphere. (c, d) Raw U-stage measurements, A, B = optic axes.
(e, f) Construction of Euler T angles. & = a, + = f, A = y, RT = Roc Tourné
twin axis | [001] in (010).
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Table I Chcmlcal analyses for lunar bytowm!e 1203244 (determined WJth an ARL

mncroprobe)
. Average of
77 spots _ : Stoichiometric ~
over entire i i : Single Ang, (for
specimen Area A Area B - Crystal X comparison)
’ weight % : .
Si0, 46.8 46.6- 463 46.5 46.0
AlLO; . 332 3.5 33.4 33.5 34.8 .
Ca0 AT 17.9 ) 179 i 17.9
K.O 0.01 0.01 X1} © 0.01
MNa,0 N 1.44. 1.32 1.32 1.37 © 150
Sro ) 0.03 0.03 0.03 0.03 -
FeO 0.34 0.33 0.31 0.42
ToTarL* 99.5% 99.7 99.3 99.5 100.0
Mole % : :
An . 88.8g 89.7, 89.7, 89.1, - 890
Or o002 0.03 0.03 0.03 0.0
Ab 11.1, 10.24 102, 10.8, : . 110

* Low lotals duc to small errors in the determinations of Al and Si.

in the data which we attribute partly to difficulties in measuring these relatively small
crystals, and also to the limits of resolution of the U-stage. A numerical average of
the measurements has been used in the subsequent derivation of the Euler angles
{BURRI, 1956) which are used to characterize the orientation of the optical indicatrix.
This average appears to be reliable: optical directions were mutually perpendicular
within +1 deg, the error triangle in the construction of the twin axis was less than
2 deg. Constructed and calculated composition planes agree within 2 deg. The
cleavage is poorly developed and has not been used in the analysis. Euler 1 angles
were constructed in group A from optical directions of a complex Albite (1-2)-Roc
Tourné (I1-3)}—Carlsbad (2-3) twin group; constructed and measured poles to
(010) were averaged (Fig. le)..In group B the Euler 1 angles were derived from
a Roc Tourné twin (4-5) and the measured composition plane (010) (Fig. If). The
relationship between crystals 3 and 4 is an irrational intergrowth without a twin
axis, although the composition plane is a well-developed face approximately parallel
to (010).

Euler I angles determined-on five crystals are listed on Table 2. The measurements
on 2A are least reliable as the thin lamellae overlap partly during tilting and these
measurements have been omitted in the calculation of an average. From the averaged
Euler I angles and from 2Vy = 994 deg, additional positional angles have been
calculated:

Euler II: R = 118.0deg, I = 91.5deg, La = 53.5deg, L, = 13.3deg, Ly = 93.8 deg
Euler 111: D = 29.1 deg, N = 53.5deg, Ax = 1.8 deg
Goldschmidt (J001] normal):

s 2060deg 2980deg - 29.1deg ~ 207.7deg ' 49.5 deg
. o 1ﬁ WY ,A ’ >B :
o 36,5 deg 88.5 deg  53.5 deg 76.7 deg 4.1 deg

e
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In Fig. 2, ® and ¥ of the lunar bytownite (An 89 %) are compared with the curves
of BURRI' ¢t al. (1967) and with the volcanic, An 859, bytownite from Cape Parry
(WENK ef al., 1968). There is a significant difference in the orientation of the optical
indicatrix which suggests that the lunar bytownite may have formed under plutonic
rathér than under volcanic conditions. The values are intermediate between bytownites
from mafic intrusives such as the Bushfeld complex (An 87.5, BurRI e7 al., 1967) and
Akero in Sweden (An 90.9, NikiTIN, 1933). These data for a plagioclase from 12032,44
are different from the observations of BANCROFT e! af. (1971) for plagioclase from
basaltic rocks 12051, 12052. They describe volcanic optics but no data are presented
which would permit a quantitative comparison. Bytownites and anorthites from
meteorites were described as having plutonic optical properties (ULBRICH, 1971).

Tuble 2. Euler 1 angles for lunar plagioclase from rock

12032,44.
® e} ¥ 2v,
“Group A 1 2 3 —
. 2 22° 384° . —1° [
3 26° 36° -3 98
5 100
Group B 4 26° 36" —2° 101
, 5 26° 364° -3 97
2 101
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I'ip_‘l..'.-‘._ Diagram of Euler angles ¥ and @ as a function of the An-conicm‘(aﬂcr By

of ol 1968), L hytownite fram 1203244 and voleanic bytownite from Cape Parry
(WENK ¢f al., 1909} are indicuted., :
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Refractive indices were measured in fragment R on a spindle stage with oil
immersion and Na-light. The small size of the specimen (only 0.02 mm thick) limited
us to determinations of o' and %’ in (010).

a': 1.576 + 0.001 y': 1.583 + 0.001

STRUCTURE

X-ray single-crystal measurements have been done to determine lattice constants
and presence or absence of reflections which are indicative of the structural state.
Other investigators describe diffuse to sharp b and diffuse to very diffuse c reflections
using X-ray and electron diffraction (APPLEMAN ef al., 1971; BANCROFT et al., 1971;
CHRISTIE ¢t al., 1971). An 850 hour precession a exposure (Fig. 3a) shows that this
bytownite (fragment X, in Fig. la) has a body-centered anorthite structure with
sharp b reflections. c-reflections were not observed even with long exposure times.
c-reflections become diffuse with disorder and increasing albite content. Comparison
of the lunar plagioclase with one of identical composition, an An 89 bytownite from
a gabbro of the basal zone of the Stillwater complex, removes this ambiguity. The
Stillwater bytownite Okl photograph (Fig. 3b) shows sharp b and moderate but
diffuse c-reflections. The apparent absence or extreme weakness of c-reflections in
the lunar bytownite (Fig. 3a) indicates that it is more disordered than the terrestrial
one. This differs from plagioclase from some lunar “basalts” which have a “low
structural state” (APPLEMAN et al., 1971, p. 8).

Lattice constants were determined from sets of precession photographs on the
fragment X (Fig. 1a): a, = 8.16 A + 0.01; by = 1289 A + 0.01;¢, = 1418 A +
001; a=9353>+0.1; f=1158 +01; y =908+ 0.1; V = 1338.0 A3;
y* = 87.4° 4 0.1, They compare well with data given by APPLEMAN et al. (1971)
but are inconclusive with respect to the structural state.

Fig. 3. Precession Okl-photographs of bytownites. b* is horizontal. Mo radiation,

Zr filter, b (A + k odd, I odd), and c (h + k even, [ odd) reflections are indicated.

(a) Lunar bytownite An 89, X (Fig. 1a), from 12032,44, 850-hour exposure. (Includes

faint albite twin.) Note absence of c-reflections. (b) Bytownite An 89, from a gabbro

of the Stillwater complex, 50-hour exposure. Note diffuse but moderately intensive
- c-reflections.
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In the bytownite from 12032,44 optical measurements indicate plutonic properties
whereas X-ray data indicate a partially disordered structure. It appears to be another
case where “disordered” structure does not correspond to volcanic optics (cf. WENK,
1969), The relationship between optical and structural parameters is the subject of a
current experimental investigation, It seems that there is no simple direct correlation
between the two, aithough in most cases “volcanic optics”™ is found in feldspar with
a disordered structure, ' '

Acknowledgments—The authors are indebted to Professor P. B. Price for the specimen, J. Hampe!
for photographic work, and R. Barker kindly supplied a specimen of Stillwater bytownite. The work
has been supporled by NASA grants NGR 05-002-414 and NGR 05-003-410.
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Lunar plagioclase: A mineralogical study

H.-R. Wenk and M. ULBR[EH

.. Department of Geology and Geophysics
and Space Sciences Laboratory,
Uiniversity of California ai Berkeley

and
W. F. MULLER

Department of Muterials Science and Engineering,
University of California at Berkeley

Abstrnct Mmcrd!og:c.il pmperues of calcic plagioclase have been analyzed using U-stage; microprobe,
x-fay ‘precession cameras, and a.650 kV electron microscope. The ‘ofientation of the optical indicatrix in
lupar and eucrite anorthites is described with Euler angles. Al crystals, except one, show strong b- and
diffuse c-reflections in precession photographs. In 10017, &- -split-reflections have been found. Dark-ficld
electron micrographs of 14310 anotthite show both large and small b-antiphase domains, and an ex-
solution structure in crystals that display d-split reflections in the diffractogram. Diffuseness of c-reflections
in x-ray photographs and the inability to resolve ¢-domains in electronmicrographs in An 94 anorthite
of 14310 indicate relatively rapid cooling of this rock compared to plutonic rocks.

INTRODUCTION

'IT WAS THE PURPOSE OF this study to describe the properties of lunar plagioclase and
to investigate, by comparison with appropriate terrestrial feldspars, whether the
optics and structure of anorthite are indicative of the thermal history of the crystals.
Docurentation on anorthites is sparse; therefore, lunar rocks provide ‘excellent
material to study calcic plagioclase and these new data contribute 1o a better under-
slanding of this imporiant mineral series. ‘

Techmques used include determination of opt:cal properties on the universal
stage, single crystal x-ray photography by the precessnon method, chemical micro-
probe analyses, and 650-kV transmission electron microscopy. Procedures are
similar to those described by Wenk and Nord (1971). First, a polished thin section
was prepared and examined on the petrographic microscope. U-stage measurements
were made on several multiply twinned plagioclase crystals (preferentially twinned
after albite and albite-Carlsbad laws). Then the chemical composition {Ca; Na, K)
was determined on the same spots by microprobe. One crystal was picked either
from the thin section or from the rock for x-ray study and later analyzed chemically.
Electron microscope samples were prepdred from thin sections using the ion thinning

_technigue.

Most of our data were obtained on the only two available thin sections, 14310
(hasalt) and 14319 (breccia). Fines were usually not satisfactory for this analysis.
Some measurements have been done on small (ragments o 10017, 12021, and 14162,
The vesulls Ik,pnrh,d apply only 1o these Icw specimens il not to Tunar rocks in
generuk. - .

P IR()hI{Al'HY
Busalt 14310 (Fig. la) consists mainly of clear, inclusion-free crystals ot calcic
plagioclase (An 85-95), clinopyroxene (2V, = 12-20"), orthopyroxene (2V, = 2%,

5%
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Fig. 1. (a) Photomicrograph of subophitic basalt 14310. Crossed nicols. Notice the range

in grain size of plagioclase, and the areas with extremely fine-grained anorthite needles.

(b) Photomicrograph of breccia 14319. Crossed nicols. Notice a large anorthite crystal and
a breccia fragment.

and opaque minerals. The texture is subophitic. Plagioclase ranges greatly in size.
The largest crystals in the thin section are 2 mm long, but most of them range between
0.3 and 0.5 mm. Chemical analysis indicates that there are two groups of plagioclase
present ; these, however, are not apparent by grain size, shape, or texture. An average
of microprobe analyses on many crystals gives a composition An 86.9, Or 1.44 for
one group and An 94.0, Or 0.42 for the other. Of special interest is the large difference
in potassium. These two groups are quite distinct, without intermediate compositions.
No zoning has been found except for one very large crystal, which shows a thin rim
of the potassium-rich phase; therefore, this An-poor and Or-rich plagioclase may
be younger than the other crystals. There are small areas of very fine-grained plagio-
clase needles chemically indistinguishable from the Or-poor, large ones that show
polysynthetic twinning. These “clots™ have almost no interstitial pyroxene. Twin
laws identified on the U-stage are albite, Carlsbad, albite-Carlsbad (common),
pericline (less common), Baveno-r (one crystal only). Cruciform intergrowth is
quite common. Attention has been given to the commonly occuring pseudotwins
and peculiar intergrowths. ;

In one group of crystals, the plane between two intergrown crystals looks like a
“composition plane™ of a twin (Fig. 2a). The two indicatrices are related by a single
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‘rotalion as in a reguldr twm but neither axis nor composﬂmn pldne 15 ‘a rational
direction. The composition ‘plane is in the vicinity but dlstmctly dlﬁ'crcnt from (021)
(Fig. 2b). These “irrational” intergrowths are not uncommon in lunar and meteonuc
plagloclase {Ulbrich, 1971; Wenk and Nord, 1971). ‘

In another case (Fig. 2c) three crystals are mtergrown Crystal. 1-Zisa regular
albite-Carlsbad twin with (010) as composition plane; 2-3 isa perlclme twin, whose
composition plane should be the rhombic section which'is close fo (001) for anorthite.
Theactual pldne of 1nlergrowth in these crystals is a rough surface close to (010}
(Fig. 2d)

Pyroxenes have not been stud;ed in detail. Routine checks showed that-clino-
pyroxenes with smalt 2V, (12-22°) twinned on (100) are common. No exsolution
lamellae were seen in the petrographic Microscope. Orthopyroxene (hypersthene)
is less common and frequently mantled by pigeonite, A'Similar type of mtergrowth '
as described for plagioclasé (Figs. 2¢, d) has been found in pyroxene. Fig. 2e is an
example of polysynthetically twinned pigeonite (1-2) ({010] common axis = Y),
yet the composition plane 1-2 is not (100) but an irrational and slightly curved
- surface (C.P.:1-2, Fig. 2f). This twinned crystal is partly rimmed by another clino-
pyroxene (3), which appears to be more iron-rich, because it has the same optical
orientation as 2 (X, = 2 = X, Yz = Y,, and Z, ='Z,), but has a h1gher blrefnngeme
and higher’ A

A fragment from 14I6'? coarse fines has properties very similar to tHat. of 14310
b.;vaalt Textures are identical and two groups of pldgloclase are present We assume
that it is a fragment of the same rock.

A large number of plagloc!ase fragments appear in 14319 breoc:a (Flg b, -
Plagioclase is heferogeneous: many crystals are twinued, some are undeformed,
some are fractured, some have patchy extinction and bent lamellae. One crystal of
plagioclase shows very thin platelets of an opaque . minerdl on- (010). Other com-
ponents of the breccia are ortho- and clmopyroxene Wwith exsolution and. _twin
lamnellae; perovskite, and an unidentificd small fragment of a yellow biaxial posmve
crystal. Apart from crystal fragments, the breccia contains many lithic fragments.
‘Euler-angles of plagioclase have been determingd in.anorthositic and gabbroic
fragments. A basalt fragment appears to be. closely related to basalt 14310; In the
_breccia there also are fragments of an older breema Brown glass inclusions show
beginning crystallization. Noteworthy are sphencal aggregates of pyroxene with
radial crystallites, resembling meteoritic chondrules :Many lithic and crystalhte
fragments in the breccia are rounded ; others, however, ave sharp corners.

Sample 12021 is a basalt of ophitic texture. Some ofthe large plagmclase crystals
are skeletal with pyroxene and opaque inclusions:,. -

_ Caleic plagioclase from terrestrial rocks and from eucrrte meteorites with similar -
mineralogical composmon has been analyzed and compared with the lunar crystals.
Some results on meteoritic plagioclase are included here; because, o our knowlcdge
this paper gives the first description of optical properties of plagloclase in such
meteorites. The eucrites are composed of calclc plagiocluse, and pigeonite with
- exsolution lamellae of subgalcic augite to uuglle Cachari (Argeniina) is brecciated,
- Serra de. Magc (Bnml) shows a beautiful equ:granular fexture, lbmra (Brazil) has
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few large crystals and a ground mass of fine annealed grams with polygonal outhines.
_Plagioclase in all of them is twinned after the albite, alblte—Carlsbad Cdrlsbdd and
pericline laws (Ulbrlch 1971). .

U- STAGE '"ANALYSIS OF PLAGIOCLAS]:

Eitler dngles are used to: descnbe the orientation of the optlcal indicatrix in the
crystal, Euler I angles (®, T and @) have been derived from meaqurements of the
-albite composumn p[ane (010) and the albite-Carlsbad twin axis L{001] in (0103,
‘and in some cases, from the cleavage (001). The results are listed in Table 1. In order
to evaluate the use of the orientation of the indicatrix as an indicator for the thermal
history, we plot the angles ® and ¥, which show the largest variation in calcic
plagioclase, as a function of the anorthite content (Fig. 3). For reference we also plot
all data on calcic. plagioclase found in the literature and add new measurements.
This gives a-better measure of the significance of an interpretation than if we compare
the new data points with a_\{emgpd determinative curves (Burri ef al., 1967). Above
An 75 there are no longer two distinct curves for plutonic and volcanic plagioclase;
there is, instead, a diffusé: band of scattering points. To-make any statement about
the thermal history of thie rock, a statistical number of high-precision measurements
is necessary; It is difficult also to predict the chemical composition- in this range of
the plagioclase series with accuracy greater than +5 to 10% An. The scatter in the
data is larger than the accuracy of the measurements and we expect that in addition
to the chemical composition and:the thermal histoty, submicroscoplc features such
as twins and domains may account for it. Looking at all anorthites, ® and ¥ appear
to be slightly larger for plutonic ‘than for volcanic feldspars, and the rather large
angles in lunar and meteoritic plagloclase agree with plutonic optics (Wenk and
Notd, 1971 ; Ulbrich, 1971 ; E. Wenk et al., 1972). As has been shown by E. Wenk et
al. (1972), in 0¥ plots our di‘ata scatter in the same field as theirs: The @'¥ plots also
indicate that lunar plagioclase may have slightly different optical properties than
terrestrial ones. To prove this, very pure anorthites have to be studied.

- : I | \
F1g 2. Unusual twins in Iunar'.,ba.salt 14310 Photomlcrographs dl‘ld stercographlc pro-
Jecuon in upper hemisphere arg ;he same orientation. (a), (b} anorthite showing irrationat
intergrowth between crystals 1 abd 3. The pwudommposinon plane, CP 1-3, is close to
but different from (021). The “twin axis” 1-3 is also irratibpal, Crystals 1 and ? are in
albite-Carlsbad relation. (c), (d)7 anorthite with atbite-Carlsbad (1-2) and pericline twin
{2-3). The 2-3 composition plane (rhombic section) should be closé to (00]). The actyal
plane of intergrowth is close to (010). (e}, (). Polysynthetically twinned pigeomite (t-2).
The common axis between | and 2 is [010] = ¥. The plane of intergrowth (C.P. 1-2) is

. nol the theoretical compuosition plane (110}, but an 1rrat1<mu.l surfuce. The twinned crystal
1§ nmmed by another clinopyroxens; which is in the same opncal orientation as 2 but has

’ higher 2V, (3) :
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Table |. Enter l ungles and ehel'n!cal camposition-of plagivcluse ffom lynar rocks .lnd
eucrite meacantes TFhe wccuracy of Euler ung}cs is + 12

Lunar Rocks  Twin havs W, © ¥ © An Or  Ab
12021, llBCbmlt Ab, Ca ,.' . o
rmgmem AbCa e 77T 28, . —& 36 919 03 67,
143]0. 23 & ‘15 ' Ab, Ca st - . 25} ) 8- '85.30 1,72 129,
_ plagioclase- Ab-Ca ' '
" pyroxene basalt Pe (rare) — 25 -4 3 B76, 122 1D,
: . Baveno-r : :
{only one) 81V 23 -5 38 878, 13 110,
: 77 22 =5y 8T 93b, 048 64y
78 24 -6 F4- 943, 039 532,
. - 2 -6 3 934, 045 6,
14319, 6 Ab, s
- Breccia - : - o
(A) plag.-pyr. Ah-Ca 790 223 & 38 938, 037 57,
nggr. [anor) . Pe - 78 214 -7 31 946, 054 48,
{B) plag-pyr.  AbCa’ . - .
Rewr gab) - AbCa, B - 0 -6, 37 926, 063 66
(C) plag. aggré-~ Ab Ca '™’ T ke
P ALCa o 26 -1 3 842, 15 142,
(D) plag. frag. Ab Sw SR Al 967, 039 29,
e - - - _' = e =
14162, 13 Ab,Cu . — N3 ~6h 38, 935, 044 6.0,
- coarse fines Ab-Ca o R . :
plag.-pyrox. in Pe (rare) - 17 =10 A7 937, 03 5.9,
the fines . ’
# Eucrite Meteorites
Serra.de Mage Ab,Pe . - 20 —8 37L 948, 009 50g -
, © . Ca,AbCa 777 1 -6 . 3 953, 064 45,
" Ibitira . Ab-Ca, 81°. 234 -6 3T 953, 01 44,
Cachuri Ab,Ca, Pe = — 28 ~6 41 €82, 045 11.Z

Ab: Albile; Ca: Carlsbad ; Pe: Pevicline.

4

LATTICE CONSTANTS AND STRUCTURE -

Lattice constants were measured on x-ray precession photographs, which were
used to determine the structuralsstate from the presence and diffuseness of indicative
b- and c~reﬂect10ns The lattice parameters along with other structural information
for four crystals are listed in Table 2. The variations are within the standard deviation
and no .conclusions can be drawn. Except for crystals from 10017, all analyzed
crystals showed a transitional anorthite structure with strong.h- reﬁectmns and
diffuse c-reflections streaking parallel to #* 0kl sections. As has. been pomted
out by Gay (1953), Guy and Tdyior (1953), and Laves and Goldsmith (1954a, b),
the diffuseness of c-reflections is a function of the chemical composition and of the
thermal history. Comparing lunar crystals with terrestrial and eucrite anorthites of
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_ VARIATIONS OF EULER ANGLES & and
¥ IN BASIC PLAGIOCLASE
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Fig. 3. Variation of Euler angles ® and ¥ as a function of chemistry in anorthites. Data from
the literature and new measurements.
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Tuble 2. X-ray data of anorthites from precession photographs.
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o

10017

Fig. 4. X-ray single-crystal precession photograph (0kl). (Mo-radiation, Zr filter) of a
plagioclase crystal in rock 10017. Notice asymmetric e-reflections and sharp b-reflections
in the same crystal.

the same chemical composition, the structure of lunar plagioclase is similar to that
of plagioclase from volcanic rocks. All comparative metamorphic, plutonic and
meteoritic feldspars that have been studied by the authors show much stronger and
sharper c-reflections (Wenk and Nord, 1971 ; Miiller et al., 1972). Of special interest
is a crystal from 10017 that shows e(b-split)-reflections and sharp b-reflections in
the same crystal (Fig. 4). Similar patterns have been observed by Jagodzinski and
Korekawa (1972) in terrestrial An 70-77 plagioclase and have been interpreted as
exsolution of an An 65 and an An 80 end member. We did not find that lunar plagio-
clase is “intimately twinned” on a submicroscopic scale according to the albite-
Carlsbad law (Czank et al., 1972). The x-ray patterns of 14310 plagioclase and other
crystals analyzed indicate perfect single crystals.

ELECTRON MICROSCOPY

High voltage (650 kV) transmission electron microscopy of plagioclase was
done on specimens from 14310. Isolated submicroscopic twin lamellae were observed
(Fig. 5a). They commonly occur singly or as two to three parallel lamellae, approxi-
mately | micron wide, with a few lamellae as small as 0.2 microns. Twin laws
identified were albite and Baveno-r. It is not known what influence these submicro-
scopic twins have on the U-stage determined orientation of the indicatrix. Possibly
they account for the difficulty in obtaining perfect extinction in the optical measure-
ments. Selected-area electron diffraction patterns showed sharp «- and b-, diffuse
c-, and very weak, diffuse d-reflections. The ¢ and d-reflections were streaked in
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Fig. 5. High voltage (650 kV) transmission electron micrographs of plagioclase from 14310.
(a) Baveno-r twin lamellae with b-antiphase-domain boundaries in contrast. Dark-field
image with § = 011 as the operating beam. (b) Small h-antiphase domains. Dark-field
image with & = 315. The selected area electron diffraction pattern is inserted. (c) Boundaries
of h-antiphase domains. Dark-field image with ¢ = 031. Note the larger domain size com-
pared to (b). (d) Cross-hatched structures. Dark-field image with g = 130. The corresponding
selected area diffraction pattern (insert) displays “b-split”’ reflections. Different part of the
sanae erystal as in (¢). Note radiation tracks,

5717
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directions perpendicular toia

agrees with x-ray"studies.
results by Appleman ef a

t:(231) in a diffractogiam normal to {211 This
ihbe and Colville (1968): and: elegtron diffraction
'1). Dark-field images using p-reflections revealed
in’ boundaries (Figs: 54, b and ¢}. Most of these
000 A wide (Fig. 5b) but.in some cases larger h-

Fie same specimen’(3000-10,000 A, Fig. S¢: compare
o elomains could be resolved in dark-field imiges
i‘mgies Of special interest was a crystal with & range of
db ilar to-the, one described in the-section on
ion of An 94:if. the corg anid had a rim of An 87
e part very.Jarge b-domains: (Fig, 5¢)./No ¢
tal is bordered by-a'2:5 micron broad baiid'of a
ng b-sphit.refiections-and very small b-dornains
fala cross-hatched structure resembling p ristérite
ctufe has been observed by Lally er a 5 ) @
e ‘bytownite compdsition range (
-Radiation tracks c‘é:.vn,;'.‘_b;e.see,r,i- inthe'

was seen (Fig. 5d).-The sam
may represent an- €xsolution|
Japodzinski am;]{__lﬁ,drelgawa,-j??

‘seﬁ_, ‘I_:968 :
me picture

(Fig. 5d) with a maximum track density of about 2.x 10% em™2. The presence of -

p-domains and the absence’of c-domains has been seen-ini‘at least 15 of tHe.ctyStals

that were examined. This makes. it very probable’that many of these anoi'thlges Have
the far more common An 94-95 composition. The diffraction patterns‘agre¢ with

the x-ray precession phologrgﬁahﬁof the crystal that had a chemical ‘composition of

A

An 93.4.
Midler er al. (1972) foun

B . ,_ ) . .‘_(‘gl . s S .
hat. anorthites (An; 95-97) from ‘a ‘metamorphic
calc-silicate rock-and a euck

mgteorite contained c-antiphase-domain boundafies,

the dcmin walls being as muc a few microns apart; whereas an anoprthite™(An.
95) from a volcanic tuff displayed:érly small c-domains of the order of 70.t04100 A’

1 . e aa .

in diameter. In viéw of these observations, it appears that the fact that no ¢-domains

could be imaged in anorthite from rock ‘14310, “which showed morg diffiise c-

3 ' N

reflections than all comparative terrestrial anorthites of similar ¢hemical com-
position, can be interpréted as an indication for relatively rapid cooling.of 14310.
This characterization® is-not in disagreement with the results of other investigators
who describe 14310 as-havingibeen more slowly cooled than othér lunar basalts(e.g.
Finger et al., 1972). The distinction suggested by structural variations of anorthite

50 far is merely between a volcanic and a plutonic/metamorphic geological history.

Other lunar igneous rocks-’--'n}i;ya;have had a different history than 14310. Large c-
antiphase domains were obséfved in the anorthite of 15415 anorthosite (Lally et af:,
{972), which indicates that this rock may have formed undet plutonic conditions.
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Abstract. Variations of structure and optical properties in anorthites (An 93-97 %) of different
origin are analyzed with the petrographic microscope, U-stage methods, X -ray single crystal
analysis and high voltage electron microscopy. No significant variation has been found in the
orientation of the indicatrix and of the lattice constants. But c-iype reflections (k4 k even,
{ 0dd) are strong and sharp in anorthites from slowly cooled rocks and diffuse in anorthites of
identical chemical composition from quenched igneons rocks. Large type e-antiphase domains
(5000-10000-4) are found in the slowly cooled rocks, c-domains in voleanic rocks are small
{100 &) or could not be imaged. The presence of only b-domains in lunar basalt 14310
indicates quenching of this rock. Large c-domains in the Apollo 15 genesis rock (15415,
Laily et al., 1972) indicate stow cooling similar to terrestrial metamorphic rocks.

Intreduction .

Of all feldspars calcic plagioclase has been least studied and many of its structural
properties are still unclear. Smith and Ribbe (1969) give a summary of the present
knowledge on the plagioclase structures and for all details we refer to that paper.
In pure anorthite the A1—Si distribution in the tetrahedral framework is essentially
ordered (Kempster ef al., 1962; Megaw ef al., 1962; Wainwright and Starkey, 1971)
in agreement with the sluminum-avoidance principle (Loewenstein, 1954). This
order persists up to high temperatures (Laves and Goldsmith, 1955). The ordering
of Al-8i causes a doubling of the ¢-axis which is expressed in the appearance
of additional reflections in the diffraction pattern.

There are four classes of reflections (Fig. 2). Type-a-reflections (k + keven, leven)
are due to the basic feldspar structure. They are the only reflections present
in alkali-feldspars. Type-b-reflections (A +% odd, I odd) are attributed to Si-Al
order. They are present in anorthite and become increasingly diffuse with lower
An-content and disappear around An 70%. Bytownites show only these a- and
b-reflections. The corresponding structure is named body-cenfered anorthite.
Type-v-reflections (k-1 & even,lodd) and d-reflections (% -+ kodd, ! even) oceur
in anorthite only. They are sharp in slowly cooled ecrystals with An 95%
(primitive anorthite) and diffuse with streaking in quenched and Na-rich anorthite
(transitional anorthile). Upon heating the ¢-reflections of primitive anorthite become
more diffuse and disappear below 350° C. These changes oceur immediately and
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are reversible {Brown et al., 1963; Bruno and Gazzoni, 1967; Foit and Peacor,
1967 : Laves, Czank and Schulz, 1970). Therefore they are interpreted as caused by
a displacive phase change and not a diffusive transformation {Laves and Gold-
gmith, 1961 ; Megaw, 1962). The structure determination of primitive aporthite
(Kempster ef ol., 1962; Wainbright and Starkey, 1971) in fact suggests that
there are two statistically overlapping Ca-positions or that there is strong aniso-
tropic thermal vibration of the Ca-atom in the tetrahedral framework which
produces the primitive ¢ =14 A unit cell. At lower anorthite content order/dis-
order of SifAl canses distortions of the lattice and small amounts of disorder
may be important in the nucleation of primitive anorthite domains Smith and
Ribbe, 1969). The Si-content i.e. the framework constitution and not so much
the Ua/Na ratio appears to have the most important influence on the structure
in sodium bearing anorthite. The purpose of this study was to investigate strue-
tural variations in anorthites of different origin. Crystals of similar chemical
composition and different thermal history are characterized by their optioal prop-
ertics, their crystal structure and their microstructure. Since the pioneering
work of McConnell and Fleet (1963), Nissen and Bollmann (1966), Ribbe (1962),
electron microscopy has” become a very powerful tool in the study of feldspars.
We applied this method to anorthites with the special aim to make transmission
clectron moicroscopy more popular in mineralogy and petrology. The present
contribution is only concerned with natural crystels. In a second stage we will
try to reproduce the observed structures in the laboratory. ’

T'etrography ‘
‘I'he only thing which the four specimens chosen for this analysis bave in common
is that they all contain plagioctase with an anorthite content ranging from 93
to 97%. Lowbions, textures, origin, sge and mineralogical com position are about
as different as can be (Fig. 2). '

The first specimen coming from the Fra Mauro area on the moon {Apollo 14,
spectmen 14310) is an ilmenite bearing, anorthite rich ortho-clinopyroxenc basalt
of subophite texture (Fig. 2a, of. Wenk et al., 1972}, ‘

Another voleanic rock is an anorthite:pigeonite tuff, very rich in euwhedral
anorthite erystals and two glass phases from Miyake Island, Tokyo Bay, Honshu,
Japan (Fig. 2b'16707 cf. Leisen, 1934 ; Kanu, 1914). _ : _

302 is a eucrite meteorite from Serra de Magd, Brasil (Ulbrich, 1971). The

mineralogical composition js granular anorthite and pigeonite with “* myrmekitic”
exsolutions of augite (Fig. 2c).
_ Sei 39 is metamorphie calesilicate rock of miocene age from V. Schiesone
(Bergell Alps, N. Ttaly, of. Wenk, 1970), The sltightly foliated specimen consisting
of diopside, hornblende, anorthite, calcite, sphene and ore bearing shows typical
annealing textures (Fig. 2d) and is one of the slowly cooled amphibolite facies
rocks of the Lepontine zone (B, Wenk, 1962). '

The optical properties of plagioclase, especially the orientation and shape of the
indieatrix in the triclinic erystal, vary greatly with the chemical composition and
thermal history. Wuler I angles are used to describe the orientation of the indi-
catrix. Tor soldium rich plagioclase the data for voleanic and plutonic plagioelase
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Table 1. Enler 1 angles relating the optical indicatrix and erystal coordinates. Accuracy of
‘ . Eunler angles iz 4-1/,° .

Specimen Twinlaws 2Ve (& v T An Or Ab
in degrees in mole percent

14310 lunar  Ab, Ca, Y, —2 38 85.3, 172 129,

plag. pyrox. Ab-Ca 25 —4 38 47.6, 1.22 11.0,

hasgalt Pe (rare) 81 23%, —B1; 38 876, 1.38 1.0,

Baveno 7 22 =5, 37 093.0, 048 6.4,
right 78 24 -6 34 943,  0.30 5.2,

a3y, —6 38 934, 045 6.1,

Voleanic Ab, Ca 200, —10 3¢ 94.3, 0.0 B.1,

tudf, Ah-Ca 21 —4 34 - Bh.E, 0.07 4.2,

Miyake - 16 —11Y, 34 945,  0.08 6.4,

Is. Japan - 20 —8l, 38, 949, 0.09 4.9,
200, —8 3 L9398, 0.06 5.9,
23 —6 35 — — -

SerradéMagd Ab, Ca, : 20 —BY, 37, 948,  0.09 5.0,

cucrite Ab-Ca 77. 23 —6 38 953, - 0.04 4.5,

mcteorite Pe '

Sci 50 diops.  An, Pe, 77 15 -8 7 974 001 2.5,

cale. anorth.  Ab-Ca

hbl. fels “(rare)

V. Behiesone,”

{Alps) .

- Ab albite,

Ca Cuarlshad,
Ab-Ca, albite-Carlshad,
Pe pericline.

follow two distinetly _differcn_t. curves (Burri, Parker, Wenk, 1968). These corves
join at An 90% and from there on to pure anorthite a broad band of irregularly
scattering points characterizes the orientation (Fig. 1). The band for y and ¢ is
about 18 degrees wide which is well beyond statistical scatter due to errors in the
measurements. Euler T angles for the four specimens studies in this paper are
listed in Table 1. There is no significant difference between the two quenched
voleanic anorthifes and the slowly cooled meteoritic and metamorphic crystais.
Thus the oricntation of the indicatrix, which is a convenient parameter to deseribe
sodium rick plagioclase, looses its diagnostic value in thé anorthite range and
other parameters have to be-found. Such a parameter as has been mentioned
in the introduction is the erystalstructure expressed in the absence, presence or
diffuseness of b and diffuse ¢-reflections. X-ray precession photographs (Fig. 2)
show for the voleanic samples (Fig. 2e, g) a transitional anorthite pattern with
sharp & and ¢ reflections which are streaking approximately parallel to b* in Okl
photographs and for the slowly cooled samples (Fig. 2g, h) they show a primitive
anorthite structure with strong and sharp e-reflections. There is a clear variation
in diffuseness of c-reflections of chemically identical anorthites and comparison



Struetural Variations in Anorthites 307

Fig. 1. Variation of Euler an-
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Table 2. Lattice constants and structure of anorthites {from precession photographs)

Specimen T T a i y - | Structore | An Or Ab
A in degrees, ' in mole percent

error ja -4 0.01A arrov i3 4-0.1°

14310 Tunar | 818 1287 14,191 93.3 116.2 91.0§ transitional | 93.4, 016 64,
plug. pyrox.
basalt - )
Voleanic tuff | 8.17 12,87 14,17 93.2 1158 91.2| transitional | 954, 0.02 4.5,
Miyake Tsi. - :

Japan

Serrnde Mage 819 1288  1418] 929 1151 914 Pprimitive 95.5, 0.05 - 4.3,
Fucrite -
Metearite

Sci 59 diops. | 8,18 1289 1419 938 1160 91.1| primitive 97.1, 0.25 2.5,
hbl. cale. o '

anorth, fels.
V. Schiesone,
(Alps) |

of the lunar 14310 crystal _withr the anorthite in the Japancse voleanic tuff
indicates that the ervstalstructure of both crystals is very similar, Lattice para-
meters, taken from precession photographs do not show a significant variation
(Table 2}, - ' '
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14310

Photomicrograph X-Pol. X.Ray Precession
Lunar basalt, 5 ] & ) '*:

Volcanie tuff,
Japan

Eucrite
meteorite

Metamorphie
calesilicate rock,
Alps

o+

Fig. 2. a—d Photomicrographs using a petrographic microscope with erossed nicols. e-h X-ray
single-crystal precession-a photographs (Mo radiation, Zr filter)
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Electrondiffraction Electronmicrograph

--‘sﬁ*-‘fﬁo.--ﬁ..‘
‘*“‘l.l‘-l v
ey e

Fig. 3a . Selected area electron diffractograms. a ¢ 660 kV, d 500 kV acceleration voltage.
¢ -h Transmission eleetron micrographs. e Type b, f-h type c-domains, Dark field, The
operating diffracted beam g is indicated. 650 kV aceeleration voltage.

22 {‘ontr. Mineral. and Petrol, Vol. 34
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Fig. 4. Schematic reprcsentatmn of an antiphase
domain boundary {4FPB) in an hypothetma.l alioy
with atoms A {dots) and B (circles). P is called the
displacement vector or antiphase veclor. u, and b,
are the lattice constants

b,

Transmission Ele(,tron Mieroscopy -

A Hitachi HU650 electron microscope with 650 kV acceleratlon vo]tage- was used
for the electron microscopic studies. Thinned specimens suitable for electron trans-
mission weré obtained from standard petrographic thin sections by ion-bombard-
ment (Castaing, 1955, for experimental details see Barber, 1970; and Radecliffe
et al., 1970). Due to the increased penetrating powor of the high voltage electron
microscope compared to a 100 kV electron microscope and to Lhc, preparation
method large areas could be examined.

It may ‘be usetul to discuss briefly some basic principles of order- dlsordel
transtormations, antiphase domain boundaries and transmission electron miecro-
scopy. For details the reader is referred to review articles by Marcincowski (1963),
Cohen (1970) with a discdssion by Warlimont (1970}, and to textbooks on trans-
nvission electron microscopy (Thomas, 1962; Amelinckx, 1964; Hirsch et al., 1965).
We consider an alloy with 50% atoms A and 50% atoms B crystallizing in a
structure in. which the atomic positions are randomly occupied by the atoms A
and B. If the alloy cools below a critical temperature, ordering of the atoms
may take place. In the ordered structure, called a superstructure of the disordered
one, all atoms A have atoms B as their closest neighbors and vice versa (Fig. 4).
Ordered domains may nucleate and begin to grow at different places within the
same disordered crystal. When these ordered domains impinge on each other
they may either fit perfectly together forming a single crystal or they may meet
each other “out of phase” or “out of step”. In this case a boundary called an
antiphase domain boundary (APB) is produced between the domains. The region
enclosed by an APB is called an antiphase domain. The antiphase vector 3 deseribes
the displacement of a particular atom species between two adjacent domains.
Thus { is the displacement necessary to produce the two domains from a single
crystal. Depending on crystal structure there are many possibilities for such vectors.
When eloctrons, characterized by a distinet wavelength 4, encounter a erystalline
specimen, part of them will be diffracted on suitable oriented lattice planes under

"the corresponding Bragg angles 20;. Tlectron diffraction patterns (3a-d) contain
the primary beam and diffracted hmmq indexed kkl; corresponding to the reci-
procal iattice vectors ¢, Image contrast is obtained using an aperture by which
a distinet beatn can be selected to pass through to the finad image. The other

N
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beams are withheld. If only the primary beam is allowed to pass a so-called bright
field image vesults. If a diffracted beam is selected for image formation a dark
field image is obtained. In dark field images those parts of the specimen will be in
bright contrast when {sufficient) electrons have been gcattered into the correspond-
ing Bragg reflection. Therefore, taking a superstructure reflection for imaging the
regions of the specimen will appear bright which contain the superstructure. If
the crystal obtains APB’s they.may. be resolved under certain conditions. Image
contrast from APB’s depends on several parameters the most important being
the phase change associated with the displacement across the boundary. This
phase change is given by the phase engle ¢ =2xg p. A phase jump in the
smplitude ocours if =0 mod 2. i.e. for §-f non-integral, If -5 is integral,
i.e. when § equals a lattice translation . vector, a is zero (no contrast). Thus,
in general, superlattice diffraction vectors are necessary to provide contrast. If
& =z mod 27, symmetrical fringes ocour about the center of the fault in dark
field whereas when o =27/3 mod 27 symmetrical fringes occur in bright field.
However, other factors aifect the fringe symmetry, e.g. when the diffraction
vectors differ in magnitude but are parallel across the domain wall symmetry
properties disappear due to the “excitation error” Ag. This means that the
direction of the $ vector is.not easily determined from fringe symmetry but
requires careful tilting experiments in order to investigate the same boundary
under different reflecting conditions {g;* p;}. ' '

Keeping these principles in mind the anorthite specimens have been analyzed
and the following features have been observed.: ‘ ‘ .

Anorthite from Tunar Basalt 14310. A typical selected arca electron diffraction
pattern containing sharp a- and b-reflections and diffuse ¢ reflections is shown in
Fig. 3a. Very weak and diffuse d-reflections were observed. The c-reflections were
streaked in directions perpendicular to about (231) in a selected area diffracto-
gram normal to [241]. This is in agreement with observations by Ribbe and Col-
ville (1988), Appleman ef af. (1971}, and Christic & of. (1971).

Dark field images using b-reflections revealed smoothly curved antiphase
domain boundaries (Fig. 3e). The size of these domains (500-1 000 A) is distinctly
smaller than -of those found by Christie ef @l. (1971) in lunar rock 10029.
Christie ef @l. (1971) proposed a displacement vector P = (c/2) [001). So far, no
. contrast experiments and calculations have been done to determine the actual
- displacement vector among the many possibilities, o

Amnorthite from Miyake Islands, Japan. Selected area clectron diffraction pattern’
show sharp a- and b- and slightly diffuse c-reflections. Small domains in the
order of 70-100 A could be imaged in dark field using type c-reflections
(Fig. 81). The c-domains in the Japanese anorthite may be ordered domains in a
disordered matrix. The type c-reflections are less diffuse than those of the lunar
anorthite. 8o we conclude that the ¢-domains in the lunar anorthite were not
resolved because they were smaller and probably less ordered than in this anorthite. |
The occurrence of such small type c-domains in lunar rocks was reported by
Appleman et al. {1971) and Christie et al. (1971). Type b-domains were not observed -
in the anorthite from Japan. _ ‘ :

Anorthite from’ the Eucrite Meteorite Serra de Magé. Selected area diffraction
patterns show strong - and b- and weaker c-reflections. The type ¢-reflections

2%
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are sometiines shght]y diffuse. APB’s were visualized in brlghb field and dark
field images using e-reflections (Fig. 3g). The width of mesh of the network
formed by the APB’s was varying from about 500 to 5000 A. The domains
frequently appear to be elongated parallel to ¢*. During the work at the miero-
scope an. oscillation of the domain walls has been observed on the screen. Type
b-domains were not observed.’ ‘

Anorthite from Val Schiesone, Alps. Selected area clectron dlffraction patterns
showed strong a-reflections, weaker &- and ¢- reflections, very weak d-reflections.
All reflections were sharp (Fig, 3d). Bright field and dark field images with
c-reflections operating revealed large antiphase domains separated by APB’s
{Fig. 3h). The arcas surrounded by APB's as measured in the electron micro-
graphs had a diameter up to several microns. The APB’s have apparently a
preferential orlentatlon parallel to ¢*. Ribbe and Colville (1968) assume an anti-
phase vector p=Y,[G+b—¢] for the ¢-domains. For this f the phase shift
equals » mod 2 if the diffracted beam 7 is & - -reflection. We observed -sym-
metrical fringe contrast about the center of the APB-fault in dark field. This
result would be consistent with the case for the condition a =, e.g. it would
be consistent with a displacement vector p="1/,{@-+-b—c]. But, as noted befare
for the b-domains, there are also other possibilities which have to he examined
by contrast cxperiments and caleulations. '

Conclusions

Presence and gize of b- and ¢-antiphase domains in anorthite is a sensitive para-
meter to characterize caleie plagioclase. The variations in size are influenced by the
chemical eomposition and the thermal and mechanical history. If the An content
is known then it is possible to derive the cooling history as is demonstrated by
the comparison of the four samples. The size of the domains is a function of
nucleation and growth rate. During quenching the domains cannot grow and a
pattern of very fine c-domains results which may be partially disordered, causing
the diffuse ¢-reflections. During annealing slightly below the disordering temper-
ature the domains grow. In slowly cooled anorthites (An>>95%) no b- domains
were present. 1t is uncertain if the intensity of c-reflections and shape and size
of ¢-domains is only due to the Ca-position or if 8ijAl disorder produced at very
high temperatures in the lava has a secondary influence. The c-domains (probably
caused by a displacive transformation around 300° C) may reflect only the very
late cooling history whereas b-domains (an indication for Al/8i disorder) form
already at high temperatures above ~ 800° C and are influenced during all stages
of the cooling. Heating experiments and quantitative electron microscopy will solve
some of these questions. So far we can only empirically use the size of c-domains
to obtain information about the cooling history. Lally et «l. (1972) recently found
large c-domains in an An 9395 anorthite from the Apollo 15 genesis rock (15415)
and attribute it to the high Ca-content. From our evidence we conclude that the
genesis rocks has to be a slowly cooled rock, similar to terresirial metamorphie
rocks or meteorites. This is very different from most other lunar rocks, such as
14310-basalt where the antiphase domains indicate relatively rapid cooling of an
igneous rock. The differences between the two voleanic and the two plutonic
specimens. (missing of b- domains in the Japancse tuff compared with missing
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c-domains in the lunar basalt and differences in size in meteoritic and meta-
morphic anorthites) may be partly caused by small variations in chemieal compo-
sition. : .

The presence of submicroseopic structures in all plagioclase erystals raises the
intriguing question how these features which are invisible in the light microscope
are expressed in the optical properties. Antiphase domains, submicroscopical twins, -
exsolutions are likely to have some imprint on the orientation of the indicatrix
and the fact that the optical state and the structural state not always conform
(Wenk, 1968; Wenk and Nord, 1971) can possibly be explained as an influence
of the microstructure. H :
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Anszug

Mg/Fo-Ordnung in Olivin wurde von Finger (1069/70) auf Grund von Rént-
gendaten vorgeschlagen und mit Mossbauer-Spektren (Busy et al., 1970) bowiesen.
Neue Strulturverfeinerungen en vier magnesiumreichen Olivinen ergaben
Werte fiir Extinktionskceffizienten, Atomlagen, anisotrope Temperaturfaktoren,
Mg/Fe-Verteilung und formale Ladungen mil zwei- bis zehnmal besserer Auf.
lgsung als bisher. Die Paratheter wurden mit der Methode der kieinsten Quadrate

.von Réntgendaten verfeinert unter Bericksichtigung der Einschrinkungen
durch chemische Zusammensetzung und elektrostatische Neutralitit auf die
Ableitungen. E-Warte liegen zwischen 204 und 3% Mondproben zeigen
signifikante (20 Standardabweichungen} Ordnung von Fe auf der kleineren
M(1)}-Lage [62% Fe auf M{1), 48% auf M(2)], metamorphe Forsterite sind
grundeitzlich ungeordnet, ¥Formale Ladungen wurden bestinumt; Fe, Mg -

= +0.,3; 8i = 4 0.2 und 0 = —0,2. Der Extinktionskooffizient, ein empfind-
liches Mafl fior strukturelle Defokte, ist viel kisiner fiir Proben avs dem Mond-
" staub, die Strahlungsschiaden und Wirkungen von. Stolwellendeformation
zeigen, als fir die metamorphen Forsteribe. Mittlere M(1)-—O- und M(2)—0O-
Abstande nehmen linear mit derm Fe/{Fe + Mg)-Quotienten zu.

Abstract

Mg/Fa order in olivine has been suggested from x-ray data (FINCEE, 1969/70)
and proven with Mossbauer spectra (BusH et al., 1970). New structure refine-
mente on four megnesium-rich olivines give two to ten times improved values
- for extinction ecoefflicients, atomic positions, anisotropic temperature factors,
Bite vecupancies, and formal charpes. The parameters hevo been refined from -
x-ray date by least-squares methods imposing propor constraints of chemical
composition and olectrostatic neutrality on derivatives. R factors range be-
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. tween 2 and 30/,. Lunar samples show significant (twenty standard deviations)
order of Fe on the smaller M({1)} site {52%p ¥e on M{1), 48¢%y Fe on M(2)], meta-
morphic forsterites are essentially disordered. Formal charges have been deter-
mined: Fe,Mg = 0.3, 8t = +0.2, O = —0.2. The extinction coefficient,
& sonsitive measure for strugtural defects, is much lower for specimens from
lunar dust, which show radiation damage and possible effects of shock deforma-
tion. Mean M{1)—O and M(2)—O distances increase linearly with Fe/(Fe+ Mg).

) Introduction

Braee and BRowx (1926) determined the basic structure of olivine
and found hexagonal close packing of oxygen with Mg and Fe occupy-
/ing half of the distorted octahedral interstices [the M(1) and M(2)

Fig. 1. Stéreoscopic pair of drawings showing the crystal structure of olivire
(Yosemite forsterite). The ellipsoids represent 99Y%, probability contours of
thermal motion. = axie i3 horizontal, y axis vertical, view is along x

sites], and Si occupying one-eighth of the tetrahedral interstices
{the T site], sce Fig.1. Structures of olivines of different compositions
have been refined, with empbasis on the determination of struc-
tural variations in this Mg-Fe solid solution series. Until recently,
however, no deviations from ideal substitution have been found
(BELOV et al., 1951; Borw, 1964; Hawke and ZEMANN, 1963, Hawgr,
1063 Brare et «l., 1968). ELISEEY (1958} reported deviations of the
lattice parametors from VEGARD's rule in the fayalite-forsterite solid
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solution series, which was probably based on inaceurate chemical data.
GuOSE {1962) predicted that ¥e would preferentially occupy the larger
M(2) site, in analogy to orthopyroxenes. These. suggestions and the
fact that in isostructural compounds like monticellite, CaMgSiOs
(ONgEN, 1965), and glaucochroite, CaMnSiOs (Carow et al., 1965),
the cations are ordered encouraged other investigators to continue
~ the search for order in olivines. 1t has been the stimulus of the moon
that has led several crystallographers independently to refine strue-
tures of lunar olivines to determine if the Fe/Mg distribution can be
used a5 an indicator for the geological history of these important
minerals, which ocour in many different rocks and whmh have been
formed under very different geclogical conditions.

Partial order was first suggested from spectroscopic measurements
{Burxys, 1969; BusH et al., 1970) but the results werc not conclusive
(Bumrns, 1870). The latest development of x-ray single-crystal diffrac-
tometers has improved the quality of x-ray data and thus enhances the
resolution of a standard crystal-structure refinement. It becomes
possible to determine electron densities in fractions of an electron.
The refinements of FiNesr (196970, 1971) suggest preference of
Fe on the M(1) site in igneous olivines, with deviations from disorder
of a few standard deviations. Browx (1971) describes small order,
which they think is insignificant. In their high-temperature ex-
periments they find an increasing distortion of the M(1) site with
increasing temperature. With this background in mind, and with
the need to obtain data on lunar crystals, the present investiga-
tion has been started. The aim was to push the resolution of a refine-
ment to its limits to determine if order in igneous- blivjnes is real.
This paper consists of two equally important parts: The first part
discusses in some detail the influence of more than one dependent
and independent constraint of the occupancy factors on the deriva-
tives in the least-squares refinement. So far, only a single constraint
has been taken into account in the refinement of mineral structures
(FixcER, 1967). The second part presents the results of four crystal-
structure refinements and tries to demonstrate that these results are
not experimental artifacts, FINGER's results have been -confirmed.
There exists small but significant order in chemically intermediate
olivines. Yet it has not been possible to resolve the olivine controversy
{the question whether the thermal history affects the Fe/Mg distribu-
tion), and more structural work should be done on geologmally well-
defined olivines, .
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Experimental procedure °
Data collection

Small erystals (0.1-0.2 mm) of isometric shape were selected from
various rock specimens; two are metamorphic forsterites and two are
intermediate (¥a 30) olivines from lunar basalt. Specifications are
given in Table {. The crystals were first checked on a precession
camera for space group, domain structure, and asterism. For all of
them, the space group Pbnm was determined. No extra reflections
have been observed (Erisgzv, 1958). Then the crystals were oriented
on a compu'ter-c(mtrolled Picker diffractométer. From the positions

' of twelve reflections, the lattice constants and the orientation angles

Table L. General information about the olivines investegated

Specimen number Sourece : Mineralogical dBSCII'iptior.l.
103481 Yosemite brucite-foraterite-humite-
' 1-1/2 miles southwest May | spinel-calcite marblo
Lake
Sci 89 Bergell Alps . amphibole-orthepyroxene-
‘Road cut Casalic 1160 m, chlorite olivinite,
Bondo-Cerean | recrystallized
(2070—12.4 Oceanus Procellarum - 4 -fine lunar dust, single
' Apollo 12 orystal
- 10085 Mare Tranquillitatis " | coarss fines, plagioclase.
' Apoilo 11 pyroxene-ilmenite-olivine
' basalt.

were refined by least squares (Table 2). They agree closely (Fig.2),
but not perfectly, with the determinative curves of Yop®r and
Samama (1967), JamMBoRr and SyrTH (1964}, and JAHANBAGLOO (1869).
Data were collected by the §-26 scan technique up to Bragg angles
of 100° using monochromatic MoK« radiation, with highly oriented
graphite used as the monochromator erystal. The 26 scan width was
1.4° 4+ 426 where A20 is the distance between the calculated maxima
for the K,, and X, peaks. The scanning rate was 1 degree per minute
with 10-second stationary background counts on either side of the scan.
Standard deviations of individual reflections were determined from
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o Cceanus Marse
Lattice Yosemite Bergell Alps Procellarum | Tranquillitatis
constants 103—481 8ci 59 Apolio 12 . Apollo 11
i -12070—12.4 10085
a 4.7633(5)* 4.7623(4) 4.7748(5)  4.7768(6) A
b 10.1072(7) 10.2284(11) 10.2798(16) | 10.2943(16) A
e 5.9821(3) 5.9042(6) 6.0087(9) 6.0174(9) A

i In this and the following tables s

_digits are given in parentheses.

Table 3. X-ray data collection

tandard deviations in the least significant

. Oceanus - Mare
Parameter Yosemite | Bergell Alps | Procellarum | Tranqguillitatis
- data 103481 Sei 59 Apolio 12 Apollo 11
12070-12.4 10085
Crystal size 0.15x0.15 0.15x0.10 0.2x0.15. 0.3x0.2
x 0.18mm ¥ 0.10mm ¥ 0.lmm % 0.2mm
Linear absorption,
coefficient y 1t 19 © 40 45 cm!
" Total number of :

observations 1427 3644 . 2349 3161
Number of in-
dependent ol- .
servatlons i126 1797 1321 2029
Number of in-
dopendent re-
flections used
in refinement
{(|FP>=3a) 783 851 832 1459
R factor {all data) 0.023 0.022 0.022 0.022
Weighted R (all ’
data) 0.032 0.026 0,029 - 0.032

counting statistics of integrated count and background (DUESLER and
Raymonp, 1971). An additional error of 3%/y of the net intensity was
added to the standard deviation to avoid overweighting of intense
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reflections. The raw intensities were corrected for Lorentz and polariza-
‘tion effects. An absorption correction was not found to be necessary
because intensities of equivalent reflections were not significantly

Table 4. Chemical composition of olivines

{microprobe analyses)

Oceanus Mare
Yosemite Bergell Alps | Procellarum | Trenqguillitatis
103—481 Sei 59 Apolle 12 Apollo 11
12070-12.4 10085!
Waight percent .
Si0, 42,219/ ~37.79%, 37.10%, 36,889/,
FaQ 1.21 9.25 27.53 26.37
Ti0e - ’
"MnQ' 0.29 - 0 0 0
NiO traces 0.7¢ 0.37 0
MgO 56.03 49.30 - 3417 35.956
CaQ 0.06 0.02 0.35 0.38
NagO — .
- Totad 99.80 97.1 99.52 99.56
Formula used in
refinement
Fo 0.012 0.009 0.319 - 0.300°
Mn 0.003 — — —
Ni- 0 1 0.008 0.004 o
My 0.985 (.892 0.672 0.686
Ca < 0.001 5 0.006 0.005
81 0.5 0.5 0.5 0.5
o 2 2 2 2
Refined formula
from x-ray data
Fo 0.358(5)
Mg 0.637
Ca 0.005

! Chemical analysis done on different erystal from the same rock.
2 Tater replaced by formula below.

different. Intensities of equivalent reflections were averaged. Syste-
matic extinctions were rejected. A new standard deviation of the
averaged intensity was calculated. The larger one (counting statistic
averaging) was used as weight in the least-squares refinement. More
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mformatmn about the specimens data collection and data processing is
given in Table 3. After the data collection, the erystals were chemically
analyzed with the microprobe (Table 4). During this procdeure the-
Apollo ‘11 crystal was lost and the analysis was done on another
crystal from the same rock. This crystal apparently.did not have an
identical composition, which was readily scen in aberrant electrical
charges for 8i. The final Fe/Mg ratio was therefore refined from the
-ray data. : :

Least-squares refinement

* The refinement of the structure was done with a modified version
of the Busing-Levy least-squares program (Busing et al., 1962).
Atomic scattering factors were interpolated from the table of CROMER
~and MANN (1968). Real and imaginary anomalous scattering factors
were used for Fe (CROMER, 1965). Several agsumptions for the structure
model were made: a) there are no vacancies; b) traces of Ma and Ni
arc closely related to iron, and the atomie scattering factors were
adjusted accordingly; ¢) all Ca is on the M(2) site in analogy to mon-
ticellite; d) the overall electrical charge is zero; e) all oxygen has equal
charge; f) the degree of ionization of Fe and Mg is equal; g) atomic
scattering factors for neutral atoms were used, All refined parameters
are relatively insensitive to each of these assumptions. Errors in the
chemical analysis (Fe‘/Mé ratio) are mainly expressed in the refined
electrical charge and not in the Fe/Mg distribution. The 44 positional,
thermal and scale parameters which were refined imposing proper
constraints on the derivatives are: a) atomic coordinates of M2}, 8i,
O(1), 0(2), and 0(3}; b) anisotropic temperature factors for all atoms;

¢) scale factors for Fe(1), Fe(2), and Si to calculate the Fe/Mg distribu-
- tion and an approximated ionic charge; d) an overall isotropic extine-
tion factor (ZACHARIASEN, 1968). After a few eycles the refinement

converged with R values of 230/,

The least-squares refinement of site occupancies ha.s to take into
account constraints imposed by the chemiecal composition, the lattice.
geometry, and overall electrogtatic neutrality. If many independent
and correlated constraints are acting, then the effect on the derivatives
is no longer trivial. We think that the best way to explain the pro-
cedure to the reader is to specify explicitely for each refinement all
the variables and constraints. This specification, which permits an
cvaluation of the refinement procedure, is done most compactly in
matrix notation. RaymonND (1972) derived the formal solution of the
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general problem. A crystal has # atoms, and each atorm has a multipli-
city factor ¢;. We cannot refine all of these multiplicity factors be-
cause of constraints. If there are » atoms and m linear equations of
constraint, then theére are only & = » — m independent variables, V.
We form a square matrix, @, by combining independent variables
with the constraints. In the following dizcussion, variables and con-
straints are specified for each crystal. For the Yosemite forsterite with
very little Fe, the refinement has been done on the basis of the formula
(Mg, Fe)8i0, with six atoms [M(1), M(2), 8i, 0(1), 0(2), 0(3)]. Oc-
cupancies of M(1), M(2), and Si were refined, thus the matrix becomes

— \ —— . .

1 0 0 ¢ 0 0 aant 1%

0 1 0 0 0 0| aomne Ve
|0 o 10 0 - 0|l agy | Vs
Q= 12.303 12203 14 8 8 8 || awon | | C1[85.203]
0. 0 0 1 -1 0 @02 C210]

-0 0 0 2 0 —1 || ams | | 0s0]

The first cdnstraint, (1, ensures that electrostatic neutrality is main-
tained. The number of eclectrons of the neutral metal atom (Mg, cor-
rected for traces of Fe and Mn) is 12.203. Constraints €5 and (3 impose
equal occupancy on the oxygen sites. From the refined occupancies,
an approximate formal electrical charge, ¢, can be calculated:

Z(a® ~ a)
m »

g’z

where 1,? is the occupancy in the chemical formula, and a; is the refined
occupancy. The atomic number of the element is Z. This refinement
of the charge from a constant scale factor is not strictly trve because
the scattering-factor curve for an ionized atom is not proportional to.
that of a neutral atom. The two curves differ mostly at low diffraction
angles and almost coincide at high angles. But as scale factors are
mainly determined by low-angle reflections and because charges were
very small, it was found sufficient to use scattering-factor tables for
neutral atoms and to refine a scale factor. It would be more accurate
to interpolate a new scattering-factor table after each cycle of the
refinement. Yet this raw treatment of charges is certainly better than
ignoring them and produces very reasonable results. Notice that, due
to the refinement of the electrical charge, the occupancy of oxygen, )
ag, in the sécond and third constraint equations is not constant.
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In the case of the Bergell olivine (Sci 59) the relation. is more
complicated. There is now sufficient Fe to separate the M sites into
an Fe and an Mg contribution. Traces of other transition elements
(e.g. Ni,Mn) are combined with the chemically similar Fe. The formula
is Fep,102Mgo.2038i04 with eight atoms [Fe(1), Fe(2), S8i, Mg(1), Mg(2),
01}, 0{2), O{4}). Occupancies of Fe(1), Fe(2), and 8i were refined and
two additional constraints were introduced. The  first constraint
imposes equal occupancy of M(1) and M(2), and C» ihtl_'oduces the

- Fe/Mg ratio obtained from the chemical analysis. Formal charges,
q, were taken into account. The equations are no longer strictly linear
and were reset for ¢ after every cycle in the refinement.

3 1) 0 0 0
I 1 0 0 0
0] 0 1 (] 0
b]. ""“bl 0 bz —-—bg
; K F
:. b1 [} 0 —ba MM»ig _bz"ﬁ
26:134 26.134 14 12,0 12.0
0 0 0 0 0
U 00 0 0
o 28B4+ g 1204 ¢
. where b, = TSETE by = —T5o—

w S OO DD
< oo
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The lunar samples Apollo 11 and Apollo 12 contain enough Ca
to treat it as a separate atom. In the isostructural monticellite
(CaMg8i0,4), Ca is ordered on the M(2) site (ONKEN, 1965) and it was
placed there by analogy. For Apollo 11 the formula is FegsioMgo ses
Cap,00s5104; and for Apollo 12 it is Fep 32sMe 672Ca0.0048i04 with nine -
atoms: the same independent variables werc used as before.
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with by-= 262_:,; 1, by = 121';" ? | and Fe/Mg = 0.4317 for Apollo 11
andby = 2501849, 1210 4nq FefMg = 0.4927 for Apollo 12.

"The tefinements were done weighing the reflections indirectly pro-
portional to their standard deviation. To check the quality of the data,
the final cycles have also been done with unit weights for all reflections.
The results agreed within one or two standard deviations.

Table 5. Atomic parameters of olivine

Cceanus Mare
Yosemite Bergell Alps | Procellarum | Tranguillitatis
103 —481 Bei 59 Apollo 12 | - Apeollo 11
12070-12.4 10086
M)
L=y = E =0
M{2) ,
@ 0.09119(10) | 0.98968(8) | 0.98765(7) | 0.98724(5)
W 0.27744(4) | 0.27772(4) | 0.27R21(3) 0.27842(2)
zows 14
i
xz 0.42625(7) 0.42681(7) 0.42762(7) 0.42786(5)
¥ 0.00408(4) | 0.00443(4) | 0.09521(4) 0.09535(3)
z=1f4 .
0(1)
x 0.76557(20) | 0.76589(18) | 0.76603(19%) | 0.76645(13)
y 0.00144(9) | 0.00148(9) | 0.09185(9) 0.08211(7)
z = 1/4 : ‘ . ‘
o)
® 0.22163(20) | 0.22066(19) | 0.21720{20} 0.21600(14}
y 0.44721(8) | 0.44767(8) | 0.44882(8) 0.44030(8)
z == If4 : .
043
> 0.27723(12) | 0.27838(13) | 0.28034(13) | 0.28122(9)
¥ 0.16311(6) 0. 16333(6) 0.16381(6) | 0:16406(5)

N

0.03316(11)

0.R:320(10)

003431 (10)

0.03422(8)
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- Table 6. Site occupancies and apparent chargea of olivines

Oceanus . Mare
Yosemite Bergell Alps | Procellarum | Tranquillitatis
103—481 Bei 58 Apollo 12 Apollo 11
‘ : 12070-12.4 10085
Oceupa_ﬂéies
M(1) , . .
Fe 0.006(3) 0.0526G(6) 0.1672(6) 0.1871(7})
Mg‘ 0.494 0.4474 0.3328 0.3129
M2y . . .
Fe 0.009(4) 0.0541(6) 0.1558(4) 0.1709(7)
My 0.481 0.4459 0.3392 0.3241
Ca — - 0.005 0.005
Kp- [0.66(20)] 0.969(24) 1.096(10) 1.134(11)
Charges per atom
M(1) = M(2) +0.33(3) 4+ 0.22(3) 0.34(4) 0.13(5)
8i + 0.27(3) -} 0.20(8) -+ 0.03(3) 0.14(3}
O(1)=0(2)=0(3) | —0.23 —~0.15 —0.18 —0.10
Extinotion .
ecoofficient 0.890{4) - 10-¢ |2.04(11) - 10-61 0. 15(4} - 106 | 0.27(2) - 10-°

Talle 7. Thermal parameters of olivines (f » 105)

{1 A aabure Motors are of tlm form oxp [—{f11h% - feak? -+ ﬂn’sP |- Zﬁlzhk

- L Bahd -|- 2 faakl)]}

Qeeanus. Mare -
Yomemite Borgell Alps | Procellarum | Tranguillitatis
103—481 Sei 59 Apollo 12 Apollo 11
12070-12.4 10085
M(1)
An 333(15) 287(12) 498(10) 417(6)
B 140(3) 110(3) 162(3) 147(2)
fas 316(10) 214(8) 204(7) 347(4)
B — 9(5) oE | — 43 — 5(2)
P —43(9) —40{7} —36(8) —45(3)
B —34(5) —36(4) —41(3) —-41(2)
M(2) .
Bua 418(17) 470(14) 892(13) 585(7)
Bz DO{4} G6Y(3) 106(2) 94(1)
s 375(11) 260(8) . 240(7) 365(4)
Ps 2(6) 2(5) 14(4) 2(2)
' p'n =z flag == 0 .
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Table 7. (Continued)
Deeanus . Mare
- Yosemite | Bergell Alps { Procellarum | Tranquillitatis
103—481 Seci. 69 Apollo 12 Apollo 11
12070-12.4 10085
8i- &
Bu ©178(12) 133(11) 340(11) 257(T)
J: % 88(3) 56(2) 99(2) 89(2)
fas 284(8) 179(6) 172(7) 301(5)
Pz 2(4) 4{4) 9(4) 13(2)
fia = flag = 0
O ‘
it 380(26) 238(24) 493(26) 360(14)
flaz 164(7} - 145(6) 179(8) 172(3}
s 436(18) 329(16) 285(16) 431{11)
Pz 5(10) C1111) 7(10) 15(6)
Bra= fea=10 :
o)

: 530(27) 501(27) 699(27) 619(17)
Boz 124{6) | 84(6) 114(5) 103(3)
Baa 466(18) 326(18) 358(15) 463(11)
fiz 2(11) 10{10) 411} —12(6)
fita == fay = O \

0(3)

B - 514(19) 445(17) © 634(19) B76{12)
fza 172(5) 127(4) 182(4) 181(3)
fas 445(13) 326(11) 320(11) 445(8)
fz 1) 24{7) 13(7) 25(5)
fhra —22(13) —15(12) —25(11) _—=10(8)
Bea 45(6) 54(5) 70{5) 66(4)

Results

The refined parameters are listed in Tables 5, 6, and 7. We will
digeuss briefly the significance and importance of these results.
Standard deviations are especially low for the Apollo 11 olivine,
 where 1459 independent reflections have been used in the refinemont.

Atomic positions

Fro.m atomic positions selected interatomic distances were cal-
culated (Table 8), and the important mean M(1)—O snd M(2)—0
distances arve plotted in Fig.2 as a function of the fayalite content.

£. Krintallogr, Bd, 187, 1

7
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Results of previous work are jncluded. The new data show that both
distances increase linearly with iron content. M(2)—O is about 0.03 A

larger than M(1)~-0, and one might expect M(2) to be preferentially
occupied by Fe, although the difference in size is quite small. A linear
dependence is a reasonable physical assumption for an ideal ionic
substitution. The strictly linear relation between calculated M--Q

L ' T Ty eed
Lottice constants ‘
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Fig.2. Lattice constants and selectod mean interatomic distances of olivines
as a function of the iron content (error bars are rounded to 1—2 sigmas).
O BIRLE et al. (1968), O Fincer (1969/70), @ and 1 this paper

distances and fayalite content within two standard deviations as
decumented by the four new data points is a good indication, although
not a definite proof, that the standard deviation computed in the least-
squares program is meaningful, and that the dependence, in fact, is
linear. If either one of these assumptions werc not true, it would be
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Table 8. Selécted tnteratomic distances of olivines

99

‘ Oceanus Mare
Yosemite " | Bergell Alps | Procellarum |Tranquillitatis
103481 . Sei 659 - Apollo 12 Apollo 11
12070-12.4 10085
o : 8i tetrahedron o
1 8i—0{1). - 1.6131(10) A 1.6150(0Y & | 1.6167(10) A | L617T7(T)A
1 02y 1.6545(0) | 1.6572(9) 1,665%(10) 1.6549(T)
2 0(3) 1.6370(%) | 1.8382(T) 1.6343(86) 1.6361(5)
mesn. - 1.6354(8) -. |- 1.8372(8) 1.8353(7) 1.6362(6)
1 0(1)--0(2) _' 2.7434(13} ' 2.7445(13) | 2.1860(14) 2.7371(20)
—0(3) 2.7577(10) | 2.7600(6), 2.71577(10) 2.7680(8)
1 O(2)—0(3)e 2.5553(10) | 2.5598(10) | 2.5620(10) 2.5639(8)
1 0(3)—0(3)" 2.5946(13) | 2.5950(13) | '2.5920(12) 2.5988(11)
o M(1) octahedron - o
2 M(1)—0(1) 2,0851(8) 2.0891(6) 2.0967(7) 2.0892(5)
2 —0(2) 2.0681(6) 2.0741(6) 2.0873(T) 2.0891(5)
2 —0(3) 2.1315(8) 2.1420(6) 2.1610(7) 2.1678(5)
mean 2.0048(6) 2.1017¢6) | -2.1150(7) 2.1187(5}
0(1)—0(2)® 2.847(10) 2,864(10) 2.872(10) 2.873(8)
—02) . 3.0241(2) 3.0314(4) 3.0423(5) 3.0479(5)
—0(3)® 2.8516(11) | 2.8608(10) | 2.8735{10) | Z2.8777(8) -
-0(3) 3.106(10) 3.118(10} 3.218(10) 3.151(8)
0(2)--0(3)¢ 2.6583(10) 2.5680(10) 2.5620(10) 2.5630(8)
~0(3) 3.3330(9) 3.3507(10) | 3.3896(11) 3.3800(8)
M(2) octahedron
1 M(2)—-0(1) ‘2.1788(10) | 2.1820(10) | 2.1886(11) 2.1889(8)
1. —0(2) 2.0487(10) 2.0571(9) 2.0682{10) 2.0731(7)
2 —0(3). 2.2114(8) 2.2241(7) 2.9396(7) 2.2459(6)
2 —0(3) 2.0666(7) 2.0639(7) 2.0624(7) 2.060((5)
mean 2.1308(7) 2.13680(7) 2.1435(7) 2.1458(6)
2 O(1)—=0(3)® 2.8516(11) 2.8608(10) | 2.8735(10) 2.8777(8)
2 —0{3) 3.0226(10) 3.0203(10) 3.0384(10) 3.0382(8)
2 0{2)-—0(3) 3.1852(10) 3.1872(10) - | 3.2179(11) 3.2235(9)
2 —0O(3) 2.9320(0) 2.0341(9) 2.9343{10) 2.9357(7)
1 O(3)—0(3)* 2.5845(19) 2.5980(13) | 2.5920(12) 2.5968(11)
2 —O(3) 3.3876(13) | 3.3962(13) | 3.4167(13) 3.4206(11)
2 —0(3) 2.9910(8) 2.9955(8) 3.0016(8) 3.0008(7)

& Todges shared hetweon tetrahedron and octahedron,
b Edgos shared hetween octahoedra.

7%
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highly improbable that the error bars fall exactly on a straight line

of all four data points. If the errors were artificially low, we would

expect error bars to scatter outside the straight line in Fig.3, as would
be the case if smaller errors were assigned to the. data. pomt.s of
Brrrr et al. (1968) and Finaer (1969/70). :

Temperature factor

" Anisotropic temperature factors have been refined for all atoms,.
imposing proper. symmetry constraints. Numerical values are listed
in Table 7. They are relatively small, larger for the lunar olivines than
for the terrestrial forsterites. We attribute this to some structural
defect, such as domain texture in the lunar crystals. Figure 1, where
999/, probability contours are drawn for the Yosemite forsterite, shows
a moderate anisotropy. Table 7 demonstrates that relative ratios of
the temperature factors in all specimens are very -consistent and
therefore the anisotropy is certainly real.

Extinction coefficient

In the first stages of the refinement, large errors were found in
the- structure factors of strong low-angle reflections such as 004
(Yosemite forsterite: Fops = 98.5, Fealo = 130) or 082 (Foba = 90,

- Fegie = 111). Therefore, a correction for secondary extinction (ZacHA-
RIASEN, 1068) was introduced in the refinement. The extinction coeffi-
cient varies by over an order of magnitude (Table 8). It is high for there- -
crystallized metamorphic forsterites and low for lunar olivines, especially -
for a erystal from lumar dust (Apollo 11). Extinction from double
diffraction is only large for very perfect crystals We attribute the
small extinetion in lunar crystals to damage from cosmic and solar
radiation. High track densities have been observed in many lunar
minerals (e.g., ARRHENIUS et al., 1971; Comsrock et al., 1971; Caomz
et al., 1971; FLEISCHER et al., 1970, 1971; Price and O’Surnivavw,
1870). This type of damage seems more likely than tectonic defects
(e.g. by meteorite impact) since asterism and bending is absent in
preceision photographs. The observation én these four olivines should
not be generalized; i.e., the extinction coefficient certainly can not be

- used to distinguish between lunar and terrestrial olivines. It is quite
likely that terrestrial olivine with structural defeots also has a small
extinction coefficient (FiNGER, 1969/70). Notice that small extine-
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tion coefficients go parallel with large temperature factors, although
there is no mathematical correlation between the two parameters.
The temperature factor is a function of the Bragg angle and is mainly
determined by high-angle reflections. The extinction coefficient is
intensity-dependent and affects strong low-angle reflections. Ab-
sorption may change the extinotion coefficient, although it equally
affects strong and weak reflegtions. There is also no correlation between
extinetion coefficient and absorption in the four analyzed specimens.

Fe/Mg distribution

Ta.blé‘-kﬁ lists occupancy factors for iron and m&gnésium on the
M(1) and M(2) sites. From these ocoupancies a distribution coefficient -
- Kp for the reaction Fe(2) + Mg(1) = Mg(2) + Fe(l) is caleulated,

L

Fel2}Mgft)esMgi2) sFe (1]

|
t

%i
B i I

A
g Ky 28 n
———-Maie percent{Fe, Mn Lr, Ni)

Fig. 3. Fe/Mg distribution coefficient Kp of several Mg-rich olivines as a function
. ) . o _ Mg(2) - Fe(l)
of the iron content (error bard arerounded to 1 —2 sigmas). Kp = Rig(1) - Fo(2) '

O -Finger (1969/70; 1971), e this paper

and Kn is plotted as a funotion of the fayalite content in Fig.3.
In metamorphic forsterites, Fe in essentially disordered. In olivines
from lunar basalts there is small but significant (over 20 standard
deviations) order of iron on the M(1) site. The order of iron is about
6 percent, which is much smaller than 30 percent order, which has
been determined from Méssbauer spectra (BusH et al., 1970; VIRGO
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el al., 1971). We believe that this small order is réal for the following
reasons: Lo :

1. Errors in the miéroprobe analyses of the Fe/Mg ratio are. about
one, at most 2 percent. But the chemical constraint is actually quite
insensitive because Fe and Mg ocoupy the same sites and, regardless
of the actual Fe/Mg ratio, the occupancy of the M(1) site in lunar
olivines always refined to a heavier slectron density of more than
twenty standard deviations. Notice that Apollo 11 and 12 crystals
gave quite similar results (although in the case of Apollo 12, the Fe/Mg
ratio was refined from x-ray datd)

2. Btandard deviations obtained in the least-squares caleulations
are real. This is demonstrated for positional parameters by the linear
correlation between M—O distances and the fayalite content for the
four new data points (Fig.2) and also by the fact that unit weighting
of all reflections (an unrealistic model) shifted the results only 1—2
standard deviations. The latter argument is a good indication of
high-quality data. With-a perfect data set, the weighting scheme does
not affect the results. If a weighting scheme reverses the order relations
{Browx, 1971) then the Fe/Mg distribution is beyond theé resolution
of the refinement or the weighting scheme is wrong

3. ‘Because of the large difference in sca.ttermg fd,ctors for Fe and

Mg, small errors in the scattering factor table do not change the results

" appreciably. The same Fe/Mg distribution and the same E value were

obtained wusing neutral or partially ionized atoms. In the present

refinement, scale factors for Si and Fe(2) were refined in addition to .

Fe(1), which determines the Fe/Mg distribution. From these additional
scale factors approximate charges have been calculated.

. .The extremely small Fe/Mg order in olivines suggests that the.
Fe/Mg distribution does not have a strong thermochemical significance.
. Order ‘can be only detected satisfactorily in chemically intermediate
- olivines. These are very rare except in some igneous rocks and therefore

- the geological importance of Fe/Mg order in olivines is small. Yet we
~tend to agree with Fmvagr (1969/1970, 1971)—although the present
data are not yet conclusive—that in olivines which crystallize from
& hot magma (~ 1200°C) Fe preferentially occupies the M(L) site.
In the metamorphic forsterites, crystallizing at 500—700°C, order
is very small and, if existent, Fe may be enriched on the largcr
M(2) site.
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Electrmal charge - .

The refinement of forma.l charges affects;. other para.meters mslgm

fica.ntly and barely cha.ngee the B value. The results in Table ¢ indicate
for Fe = Mg* -+ 0.20 to 0.30; for Si* 0. 10 to 0.20, and for O~ 0.10 to
0.20, This is about 5 to 10 percent of the charge of the fully ionized
jon. The relatively small a.ctual charge indicates that covalent bondmg
plays an important role in- “the - -olivihe structure, We ‘expect that
a snmlar magnitude of. forma.l charges will be found in all silicates
and oxides. Because the charges are so small, & good approximation
is obtained by applying & constant scale Tactor t6 eath scattering-factor
table for neutral a,toms as discussed above. The refined charges
immediately indicate errorg, in the chemical formula The value and
'the standard deviation of the refined charge is & good measure-of the
resolution of the refinement and will be even more.so if we have more
data with which to compare it. The introduction of the electrical
charge as a variable in the least- -squares reﬁnement requires, however;
a formal treatment of the -various constraints as. ha.s been outlined
above. . ‘ s M
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